A seismic physical experiment has been conducted to acquire wide-azimuth P-wave 3D seismic data with a scaled down model (1:10000) and scaled-up frequencies (10000:1). Our aim is to verify the physical basis of using P-wave attributes for fracture detection and to understand the usage of these attributes and their merits. The model consists of a fractured layer (artificial limestone) sandwiched between two isotropic layers (Epoxylite). Inside the fractured layer there is a dome and a fault block for investigating the effects of structural variations. About 20 km 2 of wide-azimuth 3D data was acquired with a Pwave source. The physical modeling confirms that the Pwave attributes (traveltime, amplitude and velocity) exhibit azimuthal variations diagnostic of fracture-induced anisotropy. Two processing techniques are used to extract the fracture information: full-azimuth surface fitting and narrow-azimuth stacking. The results show that the commonly used narrow-azimuth stacking technique may enhance the acquisition footprint. The final fracture orientation and intensity maps estimated using the surfacefitting method agree with the physical model parameters.
Introduction
Over the past ten years, there has been a continual increase in the use of 3D P-wave data for fracture characterization, which is critical for ensuring economic oil and gas production in tight formations of otherwise low permeability. Both numerical modeling and case history of fracture detection using P-wave seismic have been the subject of intensive study (e.g. Lynn et al., 1996; Liu et al., 2000; Hall et al., 2000; Smith and McGarrity, 2001 ; amongst others). However, few studies have verified these techniques using physical experiment (Brown et al., 1991) . Here, we fill this gap by presenting a physical modeling study of fracture detection using 3D P-wave seismic data. In addition to an examination of the underlying physics, this study also compares the use of different P-wave seismic attributes and different analysis techniques on a controlled experiment for fracture detection.
The physical model
The model consists of three horizontal layers. The first and third layers are constructed from the same material (epoxylite) and are believed to be isotropic. The second layer is constructed from a special industrial material and is believed to be azimuthally anisotropic. The material is composed of epoxy-bounded fiber sheets, simulating vertical fractures. The layer is highly anisotropic with an average of 20% P-and S-wave anisotropy, and fracture density around of 0.2 (Figure 1 ). There are also two builtin geological features inside the fracture layer. One is a dome, and the other is a fault block, consisting of a normal and a vertical fault (Figure 1) . The model is constructed with a scale of 1:10000 for spatial dimensions and time measurements with a corresponding velocity scaling of 1:1.
Seismic data acquisition
3D data acquisition is conducted in a water tank with water depth of 147mm, simulating a deep-water environment of 1470m after scaling up. This speeds up data acquisition and also reduces the surface wave contamination. The acquisition geometry is designed to ensure a wide-azimuth coverage (Figure 2 ). Shots are located in the center of the spread, and are fired to 12 receiver lines with 768 channels (Figure 2 ). After firing four shots each time, the spread is moved to the next location. The receiver lines (Y-direction) are perpendicular to the fracture plane and the shot lines (X-direction) are parallel to the fracture plane (Figure 2 ). 
Initial data processing
The data are very clean and the processing is relatively straightforward. The flow includes: geometry loading, muting direct arrivals, CDP sorting, velocity analysis, NMO correction, stacking and post-stack migration. Good quality imaging volumes are obtained, and Figure 5 shows a sample inline section. Both the dome and the fault block are clearly imaged. The imaging volumes are used to guide traveltime and amplitude picking in prestack gathers.
Azimuthal variations of P-wave attributes
The physical model consists of only a single set of fractures. Numerical modeling of wave propagation in such a medium predicts that the P-wave seismic attributes, such as traveltime, velocity and reflected wave amplitude will vary with azimuth, diagnostic of fracture-induced anisotropy. To verify this, the super CDP gather shown in Figure 3 is binned into 18 azimuthal gathers with 10 o bin size. NMO correction is applied to these azimuthal gathers using a single velocity function aiming to flatten the event corresponding to the top interface of the fracture layer. The result is shown in Figure 6 .
The top event of the fracture layer is properly flattened after NMO correction, whereas the bottom event shows azimuthal variation of residual moveout ( Figure 6 ). For azimuth 0 o and its adjacent gathers, the bottom event is also reasonably flattened (central panels of Figure 6 ). However, For azimuths -80 o and 80 o , as well as their adjacent gathers (left-and right-most panels, Figure 6 ), the bottom event is significantly over-corrected. This indicates that the fracture normal is at azimuth 0 o (Y-axis), and the fracture strike is at azimuth 90 o (X-axis), since the wave propagates slower along the fracture normal than along the fracture strike. When a slow velocity for the normal direction is used to correct the moveout, it will over-correct the events at the strike direction. This physical modeling result confirms the previous numerical studies as well as real data observations in Liu et al. (2001) and Lynn et al. (1996) . Numerical modeling also predicts that azimuthal variations of the P-wave attributes can be approximately described by an ellipse. For traveltime variation, the long axis of the ellipse indicates the fracture normal, and the ratio of the short to long axis is proportional to the fracture density. This is also confirmed by the physical modeling.
Extracting fracture parameters
Two methods may be used to extract the fracture information from P-wave attributes: full-azimuth surface fitting and narrow-azimuth stacking. The first method fits an elliptical surface to data from all available azimuths and offsets by a least-square fitting technique. The second method divides the data into a number of narrow-azimuth volumes; here we choose 18, with 10 o azimuthal bins. Corresponding to these two methods, there are four principal seismic attributes: traveltime, amplitude, velocity and AVO gradient, which may be used to extract the fracture information. The surface fitting method is suitable for the traveltime and amplitude attributes. The narrow azimuth method is suitable for the velocity and AVO gradient attributes.
Both methods require the picking of traveltimes and amplitudes of the top and bottom of the target horizons through the prestack volume. Manual picking is impossible due to the workload and possible human picking errors. Thus, an automatic picker is usually employed. To ensure reliable traveltime and amplitude picking, the horizons are first manually picked from the post-stack volumes and then used as control points for pre-stack automatic picking. All traveltime and amplitude attributes are picked in this way.
Results
Here we show the results of four attributes for comparison: interval traveltime and top amplitude (amplitude of the top reflection event) of the fracture layer using surface fitting method; the corresponding interval velocity and AVO gradient using narrow-azimuth stacking.
Surface-fitting applied to the top amplitude attribute gives the best results (Figure 7a ). The fracture strike is along the X-axis, and the fracture density is about 0.2, with a very uniform distribution, indicating a single set of fractures. This agrees with the physical model. Also, the results are not affected by the underlying structural features, as expected. In contrast, the AVO gradient attribute by narrow-azimuth stacking does not give satisfactory results (Figure 7c ). The estimated fracture strike varies more significantly compared with Figure 7a ; the estimated density is about 0.3 and is much larger than the physical parameters. Furthermore, the distribution of the estimated fracture parameters shows stripes parallel to the y-axis, indicating the possible effects of the acquisition footprint.
The results from interval traveltime by surface fitting show a very clear structural imprint of the dome and the fault block (Figure 7b ). In areas outside these two zones, the estimated fracture parameters show very uniform distribution with the fracture strike along the x-axis and an average fracture density of 0.2, agreeing with the physical parameters very well. In comparison, the results from the interval velocity using the narrow azimuth method is less influenced by the structure, but the distribution is less uniform and also reveals stripes along the x-and y-axes, possibly again introduced by the acquisition footprint.
Conclusions
We have carried out a detailed analysis of a 20km 2 3D dataset acquired from a physical modeling experiment. Azimuthal variations of P-wave attributes are observed, confirming the numerical modeling results. Two methods (full-azimuth/full-offset and narrow-azimuth/full-offset) have been used and four seismic attributes analyzed for fracture parameter estimation. The results from the narrowazimuth stacking method appear to be influenced by the acquisition footprint, but those from full-azimuth and fulloffset surface fitting agree with the physical parameters. 
